There is increased interest in using cepstral-based acoustic measures for objective clinical voice assessment because of their apparent advantages over more time-honored methods, but there is a paucity of information about how these newer measures relate to underlying phonatory mechanisms.
INTRODUCTION
In recent years, technological advances have made it possible to build high-speed videoendoscopy (HSV) systems that can acquire high-resolution images of vocal fold vibration at significantly faster rates than were previously attainable. 1 We have begun using the new HSV technology in conjunction with time-synchronized microphone recordings to gain a more in-depth understanding of the relationships between vocal fold vibratory parameters and the resulting acoustic characteristics of the voice. A better understanding of such relationships is critical for improving diagnostic methods for voice disorders and for guiding the development of more effective phonosurgical procedures.
In a recent study of patients who had undergone surgery for glottal cancer, 2 we showed that average HSV-based measures did not correlate significantly with traditional acoustic perturbation measures; however, moderate (statistically significant) correlations were exhibited between the acoustic measures and the standard deviations of the HSV-based parameters of open quotient and vibratory asymmetry. The results corroborated the view that the most important factors contributing to improved vocal quality were adequate glottal closure and periodicity of vocal fold vibration, 3 and we also demonstrated that standard clinical stroboscopy is not capable of revealing the cycle-to-cycle variations in tissue vibratory behavior that were shown to be significantly correlated with the degradation of the acoustic signal.
Even though the types of acoustic perturbation measures that we examined in previous work 2 have 4 Recent research has focused on developing improved acoustic measures that do not rely on an accurate estimate of f0 and can apply to both sustained vowels and running speech segments. Using a combination of spectral and cepstral information, Awan et al 5 reported a correlation of 0.96 with perceptual ratings of overall dysphonia for sustained vowels and an overall correlation of 0.81 for sentences. In particular, stepwise regression analysis revealed that cepstral-based measures accounted for most of the variance in the perceptual data. Using various versions of the cepstral peak magnitude (CPM), several studies have found strong correlations between the CPM and overall dysphonia perception, 6-8 as well as a strong relationship between the CPM and breathiness in subjects with voice disorders. 9, 10 Because of their apparent good correlation with perception and signal processing advantages, measures derived from the acoustic cepstrum are beginning to be adapted for use in clinical voice assessment. However, there is a paucity of information about relationships between vocal fold vibratory parameters and the CPM measures extracted from the resulting voice acoustic signal.
In one study of subjects with organic lesions or unilateral vocal fold paralysis, 38 of 42 individuals exhibited an increase in the CPM during sustained vowel phonation after undergoing phonosurgical treatment. 11 A significant, but weak, correlation existed between the postoperative change in the CPM and changes in acoustic measures of high-frequency noise (rho = −0.41) and jitter (rho = −0.39). The noise and jitter measures, however, did not correlate with one another, suggesting that the changes in the CPM were due to the combined independent effects of noise turbulence at the glottis and aperiodicity of the vocal fold vibration. Acoustic analyses of synthesized vowels have linked cepstral-based acoustic measures to the harmonics-to-noise ratio, 12,13 jitter, 12,13 and spectral tilt, 13 which are meant to be acoustic correlates of vocal fold vibratory patterns.
The purpose of the current study was to elucidate the relationship between cepstral-based acoustic measures and physiological measures of vocal fold vibration derived from laryngeal HSV assessment of subjects before and after phonomicrosurgical treatment. With access to endoscopic images and time-synchronized acoustic recordings, we can begin to address the impact of vocal fold vibratory patterns on traditional and cepstral measures of the acoustic signal. HSV-based parameterization of the glottal area allows for the quantification of cycle-tocycle glottal closure measures (eg, speed quotient and cycle period) that may be correlated with changes in acoustic measures. It is hypothesized that the cepstral-based CPM measures will 1) correlate positively with the HSV-based measure of speed quotient, which corresponds to more rapid postoperative glottal closure; and 2) correlate negatively with the HSV-based measure of f0 deviation, which reflects an increase in cycle-to-cycle aperiodicity.
METHODS
The HSV and acoustic voice data were obtained from 20 subjects (8 male, 12 female) who underwent phonomicrosurgical procedures to treat organic lesions directly affecting the phonatory mucosa. At the time of their postoperative assessment, the average age of the subjects was 43 years (SD, 16 years; range, 18 to 75 years). The HSV assessment was performed during both preoperative and postoperative clinical appointments; the latter were an average of 3.5 weeks after surgery. One subject (patient 13) underwent two surgical procedures before the postoperative HSV assessment. Table 1 lists the sex, age, and diagnosis of each subject. Each subject was evaluated in a sound-treated room with transoral rigid endoscopy and a head-mounted condenser mi- crophone (MKE104, Sennheiser Electronic GmbH, Wennebostel, Germany) positioned approximately 4 cm from the corner of the subject's mouth. The subjects were instructed to produce the vowel /i/ at a comfortable pitch and loudness for 2 to 4 seconds. The most stable phonatory segment of 320-ms duration was selected for each subject for subsequent analysis.
Phonomicrosurgery. All subjects underwent microlaryngeal surgery under general anesthesia for treatment of their vocal fold lesions using cold instruments 14 and/or 532-nm pulsed potassium titanyl phosphate (KTP) laser photoablation 15 (malignant lesions). In all cases, a pretreatment subepithelial vocal fold infusion of saline solution 16 was used to lift basement membrane lesions away from the superficial lamina propria (nodules, polyps) and to distend and define the existing superficial lamina propria for potentially deeper lesions (cysts, cancer). Pretreatment infusion of saline solution was compared to an immediate posttreatment infusion of saline solution to ensure that the microlayer was maximally preserved. After surgery, all subjects were placed on voice rest (up to 2 weeks, depending on surgeon preference) and received prophylactic antireflux medication.
High-Speed Videoendoscopy. The HSV data were acquired with the high-speed color video camera (Phantom v7.3, Vision Research Inc, Wayne, New Jersey) used in a previous investigation. 2 The camera lens was coupled to a transoral rigid endoscope and a xenon light source containing 3 glass infrared filters for thermal energy reduction. The video sampling rate was set to 6,250 images per second with maximum integration time, and the spatial resolution was 320 horizontal × 352 vertical pixels (approximately 1.5 cm 2 ). Time synchronization of the HSV data and the acoustic signal was enabled by a common high-frequency clock generated by the data acquisition board, whose settings were controlled in software (MiDAS DA, Xcitex Corporation, Cambridge, Massachusetts). A digital signal output from the camera was used to mark the time of a recorded image to within 11 μs.
Properties of the vocal fold vibratory pattern were derived from the glottal area waveforms and lateral displacement waveforms that were automatically extracted from the HSV recordings by custom digital image processing routines created in MATLAB (The MathWorks, Inc, Natick, Massachusetts). Although not spatially calibrated to physical units in the current setup, the normalized waveforms provided for the quantification of relative measures of cycle-to-cycle behavior. Intensity-based threshold detection was used to obtain the glottal area, in pixels, from successive images. 17 The measures of vocal fold vibratory asymmetry reflected kinematics at the mid-musculomembranous glottis and included left-right phase asymmetry, left-right amplitude asymmetry, and axis shift during glottal closure. The details of obtaining these asymmetry-related measures can be found in previous articles. 2, 17 Figure 1 illustrates the parameterization of the glottal area waveform to determine cycle-to-cycle measures of the speed quotient and f0 deviation. The speed quotient was defined as the ratio, in percent, between the opening phase duration a and the closing phase duration b. Larger values of the speed quotient reflect a skewed glottal area shape due to a relatively more rapid glottal closing phase. After taking into account any constant area offset due to posterior glottal openings during closure, we defined the opening and closing phase durations on either side of the waveform peak by counting the number of images during the opening and closing phases, respectively. The f0 deviation was computed, in hertz, as the standard deviation of the reciprocal of period P over all cycles. The period was derived from the number of images between successive instances of glottal closure.
Acoustic Measures. Because of the common clock signal, the acoustic sampling rate of the microphone signal was always an integer multiple of the video sampling rate. The acoustic sampling rate was thus set at 100 kHz (16 samples per image), and the 3-dB cutoff frequency of the antialiasing filter was set at 30 kHz. The microphone signal was shifted 600 μs into the past relative to the HSV data to compensate approximately for the larynx-to-microphone acoustic propagation time.
The standard acoustic perturbation measures of shimmer and jitter were computed from the synchronously recorded acoustic voice signal by use of the Multi-Dimensional Voice Program (MDVP, model 5105, KayPENTAX, Montvale, New Jersey). An estimate of the harmonics-to-noise ratio was obtained with Praat. 18 In addition, the cepstral-based measure CPM was computed from the segment. Because the cepstrum can be calculated in many different ways, we selected a procedure reported in a recent study on cep stral correlates of perception. 5 After resampling of the waveform to 25 kHz, the signal was windowed into 40.96-ms frames (1,024 samples) with 75% overlap. After multiplication by a Hamming window, two 1,024-point discrete Fourier transforms (DFTs) were computed in succession with a logarithmic transformation between them. Figure 2 illustrates the intermediate processing applied to each frame x[n] (Fig 2A) to yield the CPM, in decibels: where xw[n] is the Hamming-windowed frame ( Fig  2B) , Xp[k] is the power spectrum in bels, x[q] is the real cepstrum, and xp[q] is the power cepstrum in decibels. The discrete indices for time, frequency, and quefrency are n, k, and q, respectively. A 7-frame cepstral smoothing was performed by averaging the power cepstrum with those of the 3 frames before and after a given frame. Because of a bias in the decibel power cepstrum, a regression line was computed over quefrencies greater than 2 ms, which corresponded to a quefrency range assumed to be minimally affected by vocal tract-related information. Finally, the CPM was defined as the difference, in decibels, between the magnitude of the highest peak and the baseline regression level in the averaged power cepstrum ( Fig 2F) . The peak search was limited to quefrencies between 3.3 ms and 16.7 ms, corresponding to f0 values of 83 Hz and 417 Hz, respectively.
Statistical Analysis. The subject data were divided into three groups: preoperative measures, postoperative measures, and the differential change in measures from preoperative to postoperative assessment. The averages and standard deviations of the HSV-based measures were taken over all cycles in a subject's phonatory segment. Acoustic measures
In the postoperative data, acoustic jitter only correlated significantly with the standard deviation of left-right phase asymmetry (rho = 0.50; p = 0.031). The CPM only correlated significantly with the acoustic-based harmonics-to-noise ratio (rho = 0.57; p = 0.009), and not with any HSV-based measure.
For the differential change in measures from the preoperative to the postoperative assessments, significant correlations were exhibited between the CPM and the average speed quotient (rho = 0.56; p = 0.015) and between the CPM and the f0 deviation (rho = −0.63; p = 0.009). Combining the two HSV-based measures in a parametric multiple regression yielded a correlation (r) with the CPM of 0.70 (p < 0.001). Adding the acoustic-based harmonics-to-noise ratio to the regression raised this correlation to 0.84. Figure 3 displays scatterplots of the change in the CPM versus the three measures in this multiple regression. Table 2 displays raw values of these acoustic and HSV-based measures for the preoperative and postoperative assessments.
DISCUSSION
This study documented the first attempt at defining relationships between physiological measures derived from HSV assessment of vocal fold vibration and acoustic cepstral-based measures before and after phonomicrosurgery. A better understanding of such relationships is critical to improving di-of perturbation and harmonics-to-noise ratio were computed from the time-synchronized acoustic segment. Because of the limited number of samples in the three groups, the Spearman rank-order correlation coefficient rho was used to determine any significant pairwise relationships between HSV-based measures and acoustic measures. A Spearman statistic was considered significant if the p value was less than 0.05. In addition, linear multiple regression was used to further determine whether combining 2 or more measures could be used to improve predictive power. Scatterplots were generated for visual assessment of marginal and joint distributions of the measures of interest.
RESULTS
For the preoperative data, statistically significant pairwise correlations were found between the CPM and two HSV-based measures: average speed quotient (rho = 0.55; p = 0.016) and f0 deviation (rho = −0.57; p = 0.012). An indirect relationship between the CPM and glottal noise was obtained by correlating the CPM with the acoustic-based harmonics-to-noise ratio (rho = 0.68; p = 0.001). Acoustic jitter correlated significantly with HSVbased measures of the standard deviation of leftright phase asymmetry (rho = 0.54; p = 0.023) and the standard deviation of left-right amplitude asymmetry (rho = 0.56; p = 0.015). agnostic methods for voice disorders and to guiding the development of more effective phonosurgical procedures.
It was hypothesized that the CPM would be affected by changes in the HSV-based measures of the aperiodicity and the speed quotient of vocal fold vibration. In addition, even though a direct measurement of glottal turbulent noise was not possible with the current recording setup, its potential contribution to the CPM measure was estimated by use of the acoustic harmonics-to-noise ratio.
The results of this study lend empirical support to the idea that the magnitude of the first cepstral peak in the acoustic signal -ignoring low-quefrency, vocal tract-related information -reflects contributions from multiple features of the glottal vibratory sound source. A significant portion of the variance in the postoperative change in the CPM (r 2 = 0.49) was explained by combining the HSV-based measures of average speed quotient and f0 deviation. The sensitivity of the CPM to the speed of glottal closure was expected; the increases in the speed quotient (more rapid glottal closure in terms of glottal area) signifi- cantly correlated with increases in the CPM. Adding an estimate of the harmonics-to-noise ratio to the multiple regression increased the explained variance to 71%. The impact of glottal turbulent noise on the CPM could be better defined in future work by obtaining simultaneous estimates of the unmodulated component of the glottal airflow. 19 Previously documented correlations between the standard deviations of asymmetry measures and acoustic perturbation 2 were corroborated by the data from the preoperative group of the current study. Furthermore, postoperative decreases in the standard deviation of left-right phase asymmetry were hypothesized to accompany postoperative increases in the CPM due to the attenuation of vocal fold aperiodicity, and vice versa. In practice (Table 3) , we observed this expected relationship for only 10 of the 20 subjects when we examined the change in measures from preoperative to postoperative assessments. In 5 subjects, the CPM decreased even though there was a decrease in the standard deviation of the left-right phase asymmetry. Case-bycase qualitative examination of the HSV recordings showed incomplete glottal closure during the closed phase in these 5 cases. A possible trading relation was thus exhibited, whereby postoperative changes in the CPM appear to be effected by a balance between the extent to which glottal closure was com-plete (with associated variation in turbulent noise generation) and the degree of vocal fold aperiodicity. In 3 subjects, better postoperative glottal closure appears to have overridden minor perturbation in terms of improving the CPM. On the other hand, 2 subjects exhibited postoperative increases in the CPM due, in part, to improved postoperative vocal fold entrainment, even though the glottis was not closing completely during phonation.
Even though statistically significant correlations were found between two HSV-based measures and the CPM, the strengths of the correlations were moderate at best. A substantial amount of the variation in the CPM was still not accounted for by the HSV measures computed. All of the usual caveats of using HSV assessments apply to the current study, including limited spatial resolution, 2-dimensional image capture, and endoscopic motion compensation. 1 Further investigation is thus warranted to explore these relationships in a larger subject sample with the addition of glottal airflow measurement and, ultimately, the development of methods for extracting information about the 3-dimensional motion of the vocal folds during phonation.
CONCLUSIONS
Even though cepstral-based measures are being adapted for clinical voice assessment, there is a paucity of information about how these measures are related to the underlying physiology of vocal fold vibration. The current study used time-synchronized HSV and microphone recordings for 20 patients before and after phonomicrosurgery to begin defining these relationships. Our initial results indicate that the CPM seems to integrate information about aperiodicity in vocal fold vibration, the relative speed of glottal closure, and estimates of glottal noise generation. These initial results demonstrate that the clinical utility of cepstral-based measures can be enhanced by a better understanding of how these acoustic measures relate to underlying phonatory mechanisms.
